We have identified a divergent member of the Xenopus Id family, XIdx, which disrupts binding of myogenic factor/E-protein complexes to DNA in vitro and inhibits transactivation of the E-box regulated cardiac actin gene by MyoD in embryonic tissue.
Introduction
The Id proteins are members of the helix-loop-helix (HLH) family of transcription factors and are distinguished by the absence of a basic region adjacent to their HLH motif. As a result, they are incapable of binding to DNA but retain the ability to form heterodimers with other HLH proteins. In vivo, they are believed to function as negative regulators of bHLH function through their ability to sequester components of Id1 transcripts declines when the cells are to differentiate (Benezra et al., 1990; Kreider et al., 1992) . Three other Id proteins, Id2 (Sun et al., 1991) , Id3/hlh462/heirl (Christy et al., 1991; Ellmeier et al., 1992; Deed et al., 1993) and Id4 (Riechmann et al., 1994) , have been identified in mammalian cells and these are also capable of functioning as dominant negative inhibitors of bHLH function. Like Zdl, the other Id genes are expressed in a wide variety of cell types suggesting that these proteins regulate diverse pathways of differentiation. Consistent with this view, expression of the Id genes has been detected in a wide variety of cell types and within many tissues of the vertebrate embryo.
A Drosophila homologue of the Id proteins, extra-092.5-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00319-I macrochaete (emc) (Ellis et al., 1990; Garrell and protein acts to sequester a component of the active Modolell, 1990) , acts in an analagous manner to DNA binding complexes formed by the bHLH proteins, regulate sensory organ patterning in the adult fly epiderachaete and scute, with the daughterless (da) (Van mis. The emc protein functions as negative regulator of Doren et al., 1991) . It also downregulates SC transcripthe Achaete (ac) and Scute (SC) bHLH proteins and loss tion (Cubas and Modolell, 1992) by interfering with of function mutations of emc increase formation of sencross-and auto-activation of the ac and SC genes (Marsory organs in a dose dependent way (Botas et al., 1982; tinez and Modolell, 1991; Martinez et al., 1993) . Since Moscoso de1 Prado and Garcia-Bellido, 1984 disc, it is thought that the spatial activity of the ac and SC genes is regulated in turn by the relative concentration of emc protein within cells of the proneural cluster (Cubas and Modolell, 1992; Van Doren et al., 1992) .
In embryos of the amphibian Xenopus laevis, expression of bHLH factors is the earliest known molecular event in the differentiation of both muscle and neural tissue. Transcripts encoding the myogenic factors XMyoD and XMyfS are initially expressed throughout all but the most dorsal axial mesoderm of the early gastrula and subsequently accumulate the paraxial regions of mesoderm that give rise to the somites (see Frank and Harland, 1991 and references therein) . A homologue, XASH-3, of the Drosophila achaete-scute genes is expressed at the same stage in a region of the embryo fated to form the neural plate (Zimmerman et al., 1993 ) and a related gene, XASH-I, is later expressed in the anterior neural epithelium (Ferreiro et al., 1993) .
Little is known about the mechanisms that regulate bHLH transcription factors within the embryo and an attractive hypothesis is that members of the Id family act to impose temporal and spatial limits on their activity. To investigate this possibility, we have studied the expression of Id-like genes during Xenopus develoment. In this report, we describe the characterisation of two members of the Id family, XId2 (the amphibian homologue of the mammalian Id2 protein) and XIdx, a divergent member of the Id protein family which probably represents the product of a novel Id gene. XIdx protein disrupts binding of myogenic factor/E-protein complexes to DNA in vitro and inhibits transactivation of the cardiac actin gene by MyoD in embryonic tissue. The XZdx gene is activated at the mid-blastula transition and its transcripts are especially abundant in discrete domains of the developing nervous system. In contrast, the XZd2 gene is expressed throughout early development and transcripts accumulate at high levels in the developing pronephros.
Results

Identification of two Xenopus Id-like proteins
Two distinct Id-like proteins were encoded by cDNAs isolated. One of these was also encoded by genomic isolate and comparison with the cDNA the the sequences indicated that this gene (designated XIdx) contains two introns (Fig. 1A) Like the mammalian Id-like proteins, both Xl7 and XIdx are distinct from other HLH factors since they lack a basic region immediately adjacent to their HLH domains (Fig. 1B) . Their resemblance to bHLH proteins such as the myogenic factors is restricted to the second helix of the HLH domain. In contrast, both proteins show a high degree of similarity with vertebrate Id family members. Overall, the X17 polypeptide fragment shows 86% identity to mouse and 92% identity to human Id2. Over the HLH region, the frog sequence is almost identical to these proteins, indicating that the Xl7 cDNA probably encodes the amphibian homologue of mammalian Id2. The Xidx protein also shows considerable similarity to mammalian Id proteins (75-77% identity) over the putative HLH motif, but is much more divergent overall (Fig. 1B) . N-terminal to the HLH region, the XIdx sequence has little similarity to the mammalian Id family members Idl, Id2 or Id4, but ancestral gene Id genes using the PHYLIP program, DNAMLK, which introduces a fixed molecular clock into the maximum liklihood method of comparison. The distance along the vertical axis is proportional to absolute time and the topology of the tree indicates the series of divergences which led to the contemporary sequences.
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Free --) Probe 12345670 Fig. 3 . Xldx inhibits formation of a myogenic complex in vitro. Panel A. Rabbit reticulocyte lysates programmed with synthetic XMyoD, XEI2 and XIdx RNA were tested in an electrophoretic mobility shift assay (EMSA) using the MCK right E box motif as a probe. The myogenic complex formed by XMyoD/XE12 was identified using the monoclonal antibody, DF72 (Ab) and comparing its effect with nonspecific tissue culture supernatant (PI). Panel B. Lysates programmed with XE12 in combination with either XMyoD, XMRF4 or XMyfl all form a myogenic complex with the MCK E-box probe (-). This is blocked by the inclusion of XIdx RNA in the translation reaction (+). compared using a molecular phylogeny algorithm (Fig.  2) . Only the HLH domain of each gene was examined, since this encodes a functional domain and the alignment of flanking sequence is relatively poor. Relationships were assessed by the maximum-likelihood method using the PHYLIP program DNAMLK (Felsenstein, 1991) . The branching order of the tree suggests that the ancestoral Id-like gene diverged prior to vertebrate speciation. It also suggests that an early gene duplication gave rise to two distinct branches of the Id gene family. One contains Idl, Id2 and Id4 genes, whilst the other contains Id3 and Xldx. Since absolute time is represented by the vertical axis, this plot suggests that XIdx may have diverged from Id3 at roughly the same time that Id1 and Id4 diverged from the Id2 genes. We conclude that XZdx probably represents a novel vertebrate Id-like protein.
XIdx interacts with bHLH proteins in vitro
We first tested whether XIdx protein could heterooligomerise with bHLH proteins and whether protein complexes containing XIdx could bind to DNA. Rabbit reticulocyte lysate was programmed with synthetic XIdx, XMyoD and XE12 RNA, either singly or in combination, and the resulting protein extracts used in an electrophoretic mobility shift assay (EMSA) with an Ebox DNA sequence as probe (Fig. 3A) . Lysate programmed separately with each RNA showed very little detectable binding to the probe, indicating that XIdx, like XMyoD and XE12 has little affinity for the MCK E-box site under these conditions (lanes 2, 3 and 7). In contrast, lysate programmed with a combination of XMyoD and XEZ2 RNAs resulted in the formation of a prominent retarded complex which is supershifted by the inclusion of an XMyoD-specific monoclonal antibody (lanes 4-6). Lysate programmed with XMyoD, XE12 and XIdx RNAs produced almost no specific complex with the E-box probe (compare lanes 4 and 9), demonstrating that XIdx disrupts the formation of a myogenic factor complex. In quantitative experiments, identical results were obtained using a molar ratio of XIdx to XE12 of 8:l (data not shown), which probably falls within a physiological range since a 7: 1 ratio of Id: E proteins has been detected in mouse myotube extracts (Jen et al., 1992) .
Previous studies have shown that in the Drosophila emc gene, mutation of a valine at the end of helix 1 into an asparagine residue results in a strong mutant phenotype (Garrell and Modolell, 1990) . The sequence of helix 1 is conserved between XIdx and emc in this region and when the same mutation was introduced into the XIdx sequence, the resulting polypeptide had a much reduced effect on the amount of complex formed by XMyoD and XE12 (Fig. 3A , compare lanes 9 and 10). Secondary structure predictions suggest that the mutation of XZdx valine 58 to asparagine disrupted the HLH structure, indicating that the activity of XIdx protein required an intact HLH structural domain.
We also examined whether XIdx inhibited the DNA erential binding to XE12 rather than to the MyoD family proteins themselves (data not shown).
binding activity of all myogenic complexes found in Xenopus embryos, or just those which contain XMyoD (Fig. 3B) . Complexes formed by XMyfSXE12 or XMRF4/XE12 were abolished by the presence of XIdx (Fig. 3B , compare lanes 5 and 7 with lanes 6 and 8), demonstrating that XIdx can block the formation of myogenic complexes by any member of the Xenopus MyoD family in vitro. Immunoprecipitation and crosslinking experiments suggest that this is achieved by pref-
XIdx can block activation of muscle-specific genes in vivo
We next tested the ability of XIdx to block bHLH function in vivo. Fertilised Xenopus eggs were injected with synthetic XMyoD, XE12 and XIdx RNA, singly or in combination, and allowed to develop to the blastula stage. Animal pole explants were then dissected and cultured until control embryos completed neurulation. As previously reported (Hopwood and Gurdon, 1990) , ec-
Xldx: topic expression of XMyoD activates the musclespecific cardiac actin gene, which is a direct target for the myogenic proteins (Fig. 4A , lane 4) and this effect is greatly enhanced by coinjecting XE12 with the XMyoD RNA (Rashbass et al., 1992 ; compare lanes 4 and 7). Coinjection of XIdx RNA with either XMyoD RNA alone or the XMyoaYXEI2 RNA combination completely blocked activation of the cardiac actin gene, whilst the XIdx mutant had no such effect (compare lanes 5 and 8 with lanes 6 and 9). As a control, we assayed the same samples for the presence of the injected RNAs (Fig. 4B) . Endogenous XEl2 transcripts were present in all samples, consistent with ubiquitous expression of the XE12 gene. No endogenous XMyoD transcripts were detected in any explants, indicating that the XMyoD gene was not transactivated by the levels of synthetic XMyoD RNA injected. Expression of the XZdx gene was detected in all samples (see below) and was unaffected by the presence of injected RNAs.
These results demonstrate that XIdx can act to inhibit function of the XMyoDXE12 hetero-oligomer. Taken together with the in vitro binding data, they suggest that XIdx may function in vivo as a negative regulator of bHLH function, sequestering bHLH proteins and hence preventing activation of target genes.
XIdx and XId2 are differentially expressed
In order to identify differentiation pathways that may be regulated by the Xenopus Id proteins, we first examined expression of the XZd2 and XIdx genes in adult frog tissues (Fig. 5) . Transcripts of both genes were detected in all tissues examined. XId2 was most prevalent in spleen, skin, intestine and brain RNA (Fig. 5A , lanes 2, 6, 11 and 12). Much lower levels were found in testis and heart RNA and transcripts were only detected in skeletal muscle after prolonged exposure of the autoradiogram. In contrast, XZdx mRNA levels were roughly comparable in most tissues after normalisation for levels of EFlar, with some elevation in heart and lung samples (Fig. 5B) . The two Xld genes therefore show distinct distributions amongst adult tissues.
They also differ in their expression during early development. For XZd2, a maternal store of transcripts was detected in the fertilised egg but this declined during cleavage and blastula stages (Fig. 6A, lanes 3-5) . From gastrulation, the level of transcripts increased once more, presumably through the activation of zygotic transcription. From the neurula stage onwards, the level of XZd2 mRNA remained relatively constant, In contrast, no XZdx transcripts were detected in RNA from unfertilised eggs but the mRNA was abundant from the blastula stage onwards (Fig. 6B ). Transcripts could be first detected at stage 8.5, coincident with the onset of GS17 gene expression (Krieg and Melton, 1987) indicating that transcription of XZdx commences at the midblastula transition. XZdx mRNA accumulated during gastrulation and like that of the XId2 gene, it remained constant throughout neurulation and premetamorphic development (data not shown).
XIdx transcripts accumulate preferentially in developing neural tissue
Whole mount RNA in situ hybridisation revealed very different patterns of accumulation for the two RNAs within the early embryo. XIdx mRNA was present in all three germ layers of the gastrula and staining was particularly intense at the prospective anterior end of the embryo (data not shown). However, the first clearly demarcated zones of XIdx accumulation were detected during neurulation. In early neurulae (stage 13-14), three domains on both sides of the anterior neural plate were visible (Fig. 7, panels A and B) . As the neural folds formed, staining also appeared around the edge of the developing neural plate and this signal gradually moved towards the dorsal midline as the neural tube closed (Fig. 7 , panels C-E). At the same time, the most anterior of the stained regions separated into two symmetrical domains which appear to correspond to the developing eye anlagen. Consistent with this interpretation, these regions moved away from the neural tube at the early tailbud stage (Fig. 7 , panels F and G) and staining was subsequently detected in the eye vesicles of tailbud embryos (Fig. 7 , panels H-J). The other two regions that were intensely stained in the early neurula first fused at the dorsal midline (Fig. 7 , panels F and G) and subsequently coincided with the rhombencephalon of the developing brain (Fig. 7 , panels F-J). Staining along the length of the neural tube becomes more pronounced at early tailbud stages (Fig.  7 , compare panels F and G) and additional faint staining can be detected around the eye vesicle and anterior end of the neural tube (panel G).
In later tailbud stages, staining remained intense in the brain, with a diffuse domain of expression appearing anterior to the heavily stained rhombencephalon (panel H). This corresponded to the optic tectum. In addition, a complex pattern of staining appeared in the head region associated with the skeletal arches (Fig. 7 , panels H-J). In particular, staining was evident in the branchial crest, the ventral extremes of the hyroid crest (panel I) and in the maxiallary and mandibular mesenthyme (panel J). Staining was also seen in the otic vesicle at this stage. Additional staining was detected in the dorsal and ventral extremes of the myotome (Fig. 7 , panels H and I). In swimming tadpoles, staining was no longer detected in the nervous system, eye vesicles or myotomes, and remained only in the ventral region of visceral arches and the dorsal fin (data not shown).
In a preliminary study of XId2 mRNA distribution, the first localisation of transcripts we have detected is at the early tailbud stage when a stripe of staining appears on the flank of the embryo (data not shown). This may correspond to the developing pronephros since in late tailbud and tadpole embryos (stages 28 and 32) a signal was detected in the embryonic kidney. In addition, weak localised staining was detected in the myotome of tailbud embryos as well as a ventral region of the midbrain (data not shown).
Discussion
Identljkation of two Xenopus Id proteins
We have described the expression of two members of the Id family of HLH genes in early Xenopus embryos.
Comparison of polypeptide sequences amongst
of Development 49 (1995) members of the Id family indicates that one Xenopus cDNA encodes a homologue of Id2. The other encodes a protein designated XIdx, which is most closely related to Id3 but quite divergent from all Id proteins, especially outside of the HLH domain. In an attempt to assess the significance of the sequence divergence between XIdx and other Id proteins, we first examined the divergence between other Xenopus transcription factors and their mammalian counterparts (Table I) . From these comparisons, it is striking that the Xenopus zinc finger protein Krox20, the homeobox protein Hox7 and the HLH proteins MyoD and Myf5 are all much more closely related across their functional domains with their mammalian counterparts than XIdx is to the mammalian Id-like proteins across the HLH domain. Phylogenetic analysis of Id HLH nucleotide sequences lends support to the view that XIdx represents a novel Id protein which may have arisen at approximately the same time as the other distinct members of the Id family.
Id protein was first characterised as a potential negative regulator of myogenesis by virtue of its ability to compete with the MyoD family of proteins for binding to E12/47. Subsequent studies have demonstrated that bHLH proteins play a role in regulating differentiation of many different cell types in addition to muscle, raising the possibility that the functions of Id proteins are similarly diverse. Consistent with this view, Id proteins regulate differentiation of muscle, lymphoid, myeloid and neural cell types in culture and Id genes are expressed in a wide variety of tissues during vertebrate development (Riechmann et al., 1994) .
Expression of vertebrate Id genes during early development
In vitro, XIdx can compete with all four myogenic regulators for binding to El2 and overexpression of the protein in animal pole explants will block transactivation of an E-box regulated gene by exoogenous MyoD protein. However, the temporal and spatial patterns of XIdx expression do not suggest an obvious role for XIdx in regulating the activity of myogenic factors in the embryo. Whilst Id proteins may play a role in regulating myogenesis in Xenopus embryos, our in situ studies indicate an important role for them in the differentiation of other tissues.
We have found that XIdz and Xldx transcripts differ in both their temporal and spatial patterns of accumulation in Xenopus embryos. Both are detected at some level in all embryonic and adult tissues examined. However they differ in the onset of their expression and the embryonic regions and adult tissues in which they preferentially accumulate. Human Id2 mRNA is prevalent in the developing kidney (Biggs et al., 1992) and its homologue in Xenopus accumulates in a region encompassing the pronephric tubules. Murine Id2 is also detected in adult kidney but is far more prevalent in brain and testes tissue (Riechmann 1994) . Indirect evidence for a role of Id proteins in kidney development has come from studies of rat glomerular mesangial cells. Both Id1 and E2A mRNAs have been detected in these cells, the levels of Zdl being transiently downregulated following the addition of serum growth factors. This coincides with the appearance of several E-box specific DNA binding activities in extracts from these cells (Simonson et al., 1993) . In the adult frog, Id2 transcripts accumulate in a variety of tissues (skin, spleen, intestine and brain) but are not prevalent in adult kidney.
XIdx expression shows a number of similarities to that reported for Zdl in mouse embryos. Neither gene is expressed in embryonic tissue prior to gastrulation. Mouse Id1 mRNA accumulates in extra embryonic tissues but is not detected in the primitive embryonic ectoderm or the ectoplacental cone. By the middle of gastrulation, both genes are expressed in all embryonic cell layers. In later development, Id1 expression, like that of XZdx, remains at a high level in the neural folds, the visceral arches and their derivatives, such as the maxillary and mandibular processes and in localised regions of the developing CNS (Duncan et al., 1992; Wang et al., 1992) . Unlike XZdx, Id1 transcripts accumulate in the migrating neural crest and the precursors of the dorsal root ganglia (Duncan et al., 1992) . These observations suggest that the proteins encoded by XZdx and Id1 may have acquired similar roles in a number of developmental processes. It is of course necessary to be cautious in interpreting patterns of Id mRNA localisation without comparable data about protein distribution and it should also be noted that at least in the case of Zdl, alternative splicing can generate distinct protein products (Hara et al., 1994; Springhorn et al., 1994) .
XZdx in the development of neural tissues
The most intriguing finding of this study is the accumulation of XZdx transcripts in several discrete domains within the anterior neural plate of the early neurula embryo. In vertebrates, patterning of the CNS is believed to result from expression of Antennapedialike homeobox and Krox20 genes in discrete domains along the newly forming neural tube (Wilkinson, 1993) . In Xenopus, homologues of En2 (Hemmati Brivanlou and Harland, 1989) and Krox20 (Bradley et al., 1992) are expressed during neurulation. Although little is known about the molecular or cellular processes involved in regional specification of the neural epithelium, our data indicate that bHLH proteins (and their XIdx protein regulator) may participate in segmental patterning of the brain.
Candidate regulators of neural differentiation are the achaete-scute homologues,XASHI and XASH3, (Ferreiro et al., 1993; Zimmerman et al., 1993) . The expression of XASH3 within the neural plate appears complementary to the expression of XIdx, while in tailbud embryos the expression of both genes in the hindbrain and eye may overlap with the accumulation of XIdx mRNA. In vitro, XASHl forms an E box binding complex with E12, which is inhibited by the Drosophila protein emc. It is likely therefore that XIdx would act as a competitive inhibitor of XASHl through its ability to bind E12. Interestingly, we have found that microinjection of synthetic XIdx RNA into the fertilised egg appears to produce an enlargement and thickening of the neural plate but this complex phenotype requires histological analysis.
In addition to accumulating in discrete domains of the anterior neural epithelium, XZdx transcripts also accumulate around the edges of the entire neural plate. Cells from this region of the embryo contribute to the neural crest lineage and the roof of the neural tube (Sadaghiani and Thitbaud, 1987) . In early tailbud embryos, XZdx transcripts accumulate along the length of the neural tube but are not expressed at high levels in the migrating neural crest cells. These results suggest that XZdx mRNA is either only expressed in cells forming the roof of the neural plate or is expressed only transiently in presumptive neural crest cells, being downregulated as they start to migrate. At later stages, XZdx is expressed in the head mesenchyme, indicating that the protein accumulates in cells derived from cranial neural crest cells and may be involved in the differentiation of the facial skeleton. In contrast, no structures arising from the trunk neural crest express XZdx. In the adult frog, XZdx expression is readily detected in all tissues examined and in contrast to the embryonic pattern, relatively little expression occurs in the adult brain.
The role of Id proteins in pattern formation
Although XZdx transcripts accummulate in discrete regions of developing neural tissue, it should be emphasised that transcripts can also be detected at varying levels in all embryonic tissues examined. If functional protein is similarly widespread in its distribution, how could XIdx protein play a role in the establishment of tissue-specific or region-specific patterns of gene expression? A model to resolve this apparent paradox is provided by studies of the Drosophila Id protein, extramacrochaetae (emc) and its role in wing imaginal disc development.
In the wing imaginal disc, the localised activity of several genes, including achaete (ac) and scute (SC), within clusters of cells confers upon them the potential to develop as sensory organs (Cubas et al., 1991) . Proteins of the achaete-scute complex are members of the bHLH family and the high level of expression of ac within each cluster is dependent upon feedback regulation by ac and cross-regulation by SC (Martinez and Modolell, 1991; Martinez et al., 1993) . These regulatory interactions are antagonised in a dosage dependent fashion by emc, with the result that only a single cell within each cluster becomes a sensory organ. Importantly, the emc gene is expressed in all cells of the wing imaginal disc, but the level of emc mRNA is minimal where sensory structure arise (Cubas and Modolell, 1992; Van Doren et al., 1992) . This suggests that the level of emc expression in part defines the positions where sensory bristles develop. By analogy, in Xenopus embryos, the relative levels of Id proteins such as XZd2 and XZdx may be decisive in patterning differentiation during early embryogenesis.
Materials and methods
Cloning of XZdx
A 319-bp fragment encompassing the HLH region of Id1 was amplified from mouse genomic DNA by PCR (forward primer 5 'CCACACTCTGTTCTCAGCCTC; reverse primer 5 'GCTGCAGGATCTCCACCTTG) and subcloned into the SmaI site of M13mp18. This was used to screen a Xenopus laevis genomic library (Chien and Dawid, 1984) and yielded the genomic clone XIdxX2. The region of homology to the mouse Id probe was identified within a 1.3-Kb EcoRl fragment of XIdxX2; this fragment was used to screen a Xenopus laevis neurula stage cDNA library (Kintner and Melton, 1987) . Positively hybridising clones were subcloned into plasmid vectors and sequenced. Two of these, XIdx#l 1 and XIdx#14, were found to be derived from partially spliced products of the XIdx gene.
Cloning of XZd2
A partial XZd2 cDNA clone was isolated from a Xenopus XTC2 cell library (Friesel and Dawid, 1991) using the HLH motif of XZdx (nucleotides 265-384; Fig.  1 ) as a probe. Clones were recovered as Bluescript SK(-) plasmids by in vivo excision.
DNA sequencing
The nucleotide sequence of cDNAs XIdx#l 1, XIdx#14 and Xid2, along with selected regions of the genomic clone XIdxX2, were determined by the dideoxy method, using Ml3 phage DNA templates generated by sonication. Each nucleotide was sequenced an average of 3-4 times on both strands. The consensus was analysed using the STADEN (Staden, 1982a; 1982b) and GCG (Devereux et al., 1984) programs.
Plasmid constructs
pSP64T-XIdx: The entire XIdx coding region, amplified by PCR and subcloned using BgZII linkers into pSP64T. In pSP64T-XIdx.58D, valine 58 at the end of helix 1 was altered by PCR mutagenesis into an asparagine residue. RNA for in vitro translation and microinjection was synthesised from both plasmids using SP6 RNA polymerase and XbaI-linearised template.
pSP73-XIdx: A 352-bp EcoRIIPstI fragment from the genomic XZdx clone subcloned into pSP73. Antisense RNA probes to detect XZdx mRNA were synthesised using T7 RNA polymerase and EcoRI-linearised template. Sense orientation probes were synthesised using SP6 RNA polymerase from Hi&III-linearised DNA.
pSP71-5/3G/XE12: A 247-bp ZZin~IIIXhoIl fragment of pSP64-XE 12PM subcloned in pSP7 1. An RNA probe that distinguishes between endogenous and injected XE12 RNA was synthesised using Sp6 RNA polymerase and XhoI-linearised DNA.
pSP65-XId2: A 140-bp SacI-Hind11 fragment from Xl7 encoding the first helix of XId2 and the 5' open reading frame cloned into pSP65. Probes to detect XZd2 transcripts were prepared from XbaI linearised DNA using SP6 RNA polymerase.
In vitro transcription and translation
Capped, synthetic RNAs were prepared from plasmids pSP64T-XMyoD (Hopwood and Gurdon, 1990) pSP64-XE12PM (Rashbass et al., 1992) , pSP64T-XIdx and pSP64T-XIdx58D using SP6 RNA polymerase and XbaI linearised template. Synthetic RNA (20-40 &ml final concentration) was used to program rabbit reticulocyte lysate (Promega) as described by the suppliers except that lysate was only added to a final concentration of 50%. Unlabelled proteins were produced by adding L-methionine to a final concentration of 2 mM in the translation reaction.
Electrophoretic mobility shift assays
DNA binding reactions (16 ~1) contained a total of 5 ~1 of programmed rabbit reticulocyte lysate, 120 ng sheared salmon sperm DNA and 20 000 countslmin of an end labelled probe in binding buffer (25 mM Tris-HCl pH 7.9, 3 mM HEPES pH 7.9, 40 mM KCl, 1 mM DTT, 0.2 mM EDTA). Cotranslation of synthetic RNA proved to be an order of magnitude more effective than mixing individually programmed lysates. Where necessary, unprogrammed lysate was used to ensure a constant amount of protein in each binding reaction. The oligonucleotides CCCAACACCTGCTGC-CTGAGCC and GGCTCAGGCAGCAGGTGT-TGGG were used to prepare an end-labelled probe. These encode the right-hand E box from the musclespecific enhancer of the mouse muscle creatine kinase (MCK) gene. Binding reactions were incubated at room temperature for 30 min and then cooled on ice for 5 min before addition of the probe. After a further 30 min at room temperature, binding reactions were cooled on ice for 15 min and electrophoresed for 80 min at 150 volts in the cold on prerun 0.5 x TBE, 4% native (19:l) polyacrylamide gels. For supershifts, 1 ~.d of the antiXMyoD monoclonal antibody DF72 or tissue culture hybridoma supernatant were added to binding reactions immediately after addition of the probe.
RNA analysis
RNA was isolated and analysed by RNAase protection assays as previously described (Mohun et al., 1984) . The relative amount of RNA in each sample was assessed from the abundance of 5s (Mohun et al., 1989) or EFla (Sargent and Bennett, 1990) RNAs. Endogenous XZdx transcripts were distinguished from those produc-ed from the templates pSP64T-XIdx and pSP64T-XIdxS8D by including RNAase A in the digestion step. Endogenous and synthetic transcripts of XMyoD were distinguished using RNA probes from the plasmid pSP73-5PGIXMyoD (Chambers et al., 1994) . Cardiac actin transcripts were detected as described previously (Mohun et al., 1988) .
For whole mount in situ hybridisation (Harland, 1991) , digoxygenin labelled sense and antisense probes were synthesised from pSP73-XIdx. Levamisole was not included during the alkaline phosphatase colour reaction. In order to visualise regions of exceptional XZdx mRNA concentration, embryos were photographed prior to clearing.
Embryo and explant culture
Approximately 3 ng of XMyoD and XE12 RNA or 6 ng of XIdx RNA were injected into the animal hemisphere of single cell embryos. Control embryos were injected with an equivalent volume (5-10 nl) of water. These were cultured at room temperature until stage 8-9 (Nieuwkoop and Faber, 1956) , when animal pole explants were removed. Explants were cultured in 3/4 x NAM containing 0.1% BSA until uninjected embryos were neurulae (stage 18-20) .
